Abstract: In this paper, the wavelength dependence of the sensitivity of all-fiber refractometers based on the singlemode-multimode-singlemode fiber structure, in which a piece of no-core fiber (NCF) is used to serve as the multimode section, is investigated via numerical simulations and experiments. We found that the sensitivity of a refractometer is linearly proportional to the wavelength of the dip/peak in the transmission spectrum that is chosen to measure the refractive index (RI) change. Because the wavelength shift is larger for a dip/peak at a longer wavelength than at a shorter wavelength, a linear spectral chirp will occur in the transmission spectrum when the surrounding RI changes. We also found that the sensitivity significantly increases with the decrease in the diameter of the NCF and is independent of its length. The experimental results agree well with the numerical predictions.
Introduction
The refractive index (RI) is a very important parameter in many chemical and biological applications. Compared with other techniques for RI measurement, all-fiber refractometers have many advantages, such as compact size, high sensitivity, and corrosion resistance. Several different kinds of all-fiber refractometer have been proposed in recent years [1] - [9] . Among them, all-fiber refractometers based on the singlemode-multimode-singlemode (SMS) fiber structure has several additional merits, including easy fabrication, low cost, and flexible in design. An SMS structure is simply composed by splicing a section of multimode fiber between two singlemode fibers (SMF). To make the structure sensitive to the surrounding RI, the cladding of the multimode fiber was usually removed by chemical etching [10] . However, with the commercialization of the no-core fiber (NCF) [11] , the chemical etching process and the related negative influences, such as the weakening of the mechanical strength of the fiber and poor repeatability in sensor fabrication, can now be greatly relieved. The influence of the two main design parameters, i.e., the diameter ðDÞ and length ðLÞ of the multimode section in the SMS structure, on the sensitivity of the resulting refractometer has been analyzed in [8] . It was found that the RI sensitivity of the refractometer increases significantly with the decrease of D, whereas L has no significant effect on the RI sensitivity. The former conclusion was well proved both numerically and experimentally, whereas the influence of L was only discussed based on numerical simulations in [8] . For an SMS-based refractometer, the measurement of the RI is usually realized by measuring the wavelength shift of a specific dip/peak in the transmission spectrum [8] , [9] . However, there are usually many dips/peaks at different wavelengths in the transmission spectrum when interrogated with a broadband light source. The dependence of sensitivity of the refractometer on the wavelength of the dips/peaks has not been systematically investigated.
In this paper, all-fiber refractometers based on the SMS structure with a piece of NCF as the multimode section are systematically investigated through numerical simulations and experiments by monitoring the RI responses of the various dips and peaks in the transmission spectra. SMS-based refractometers composed with NCFs with different diameters and lengths have been studied. The experimental results agree well with the numerical predictions. It is found and experimentally verified for the first time, to the best of the authors' knowledge, that the sensitivity of an SMS-based refractometer increases linearly with the wavelength of the selected dip/peak. A linear spectral "chirp" will occur in the transmission spectrum because the dip/peak at a longer wavelength shifts more than that at a shorter wavelength when the surrounding RI changes. The influence of the diameter and length of the NCF on the sensitivity of the refractometer are also studied both numerically and experimentally. We prove that length of the NCF has no influence on the sensitivity of the sensor. However, the sensitivity improves dramatically with the decrease of the NCF diameter and the improvement is more evident when a dip/peak at a longer wavelength is selected to realize the measurement.
Theoretical Background
The structure of the SMS-based refractometer is depicted in Fig. 1 . It consists of an input and an output singlemode fiber (SMF) with a section of NCF fusion-spliced between them. NCF is a new kind of commercialized special fiber which is drawn from a preform with a uniform RI, usually fused silica. Assuming that the SMFs and NCF are ideally aligned, only the symmetric modes, i.e., the LP 0m modes, will be excited when the fundamental mode of the input SMF enters the NCF [11] . Denote the field profile of the LP 0m mode as m ðr Þ, the input field E ðr ; 0Þ can be expressed as
where M is the total number of modes excited in the NCF, r is the radial coordinate in the cross section of the fiber, and is the excitation coefficient of the LP 0m mode. Neglecting the attenuation caused by the surrounding medium, the field profile at the prorogation distance z can be expressed as
where m is the propagation constant of the LP 0m mode. Supposing the two sections of SMF are identical, the power transmittance at the wavelength can be calculated by [10] T ðÞ ¼
where L is the length of NCF. For a broadband spectrum input, the transmission spectrum of the structure can be calculated by sampling the input spectrum with a spacing of and calculating the transmittance at each wavelength by (4) . Due to the multimode interference, the transmission spectrum will feature a series of dips and peaks when monitored in a broad wavelength range. As the RI of the surrounding medium changes, the wavelength of these dips and peaks will change accordingly. RI measurement is usually accomplished by measuring the shift of one of these dips/peaks.
Simulations and Analysis
To investigate the relationship between the wavelength of the dip/peak on the spectrum and the sensitivity of an SMS-based refractometer, the spectral response of a series of SMS-based refractometers composed with different NCF diameters (61.5, 80, and 125 m) and lengths (6 and 12 cm) are studied via numerical simulations. In the simulations, ¼ 0:1 nm and the SMF is assumed to be Corning SMF-28. The NCF is assumed to be made of pure silica and its dispersion is calculated by the Sellmeier equation [12] .
The calculated spectral responses of the six SMS-based refractometers are shown in Fig. 2 , when the surrounding RI ðnÞ changes from 1.0 to 1.333. It can be seen that there are multiple dips and peaks on the transmission spectra and they all shift to longer wavelengths after n being increased. Because the sensitivity of the refractometer is proportional to the wavelength shift of the dips and peaks, the wavelength dependence of the RI sensitivity of the sensor can be analyzed by measuring their wavelength shifts. The wavelength shifts as a function of the initial dip/peak wavelength of the six SMS-based refractometers after n being changed from 1.0 to 1.333 are shown in Fig. 3(a) .
Firstly, from Fig. 3(a) we can see that the wavelength shift increases linearly with the initial wavelength of the dip/peak for all the refractometers under the same RI change. So, choosing a dip/peak at a longer wavelength is expected to result in a higher sensitivity. Besides, since the wavelength shift of a dip/peak at a longer wavelength is larger than that of a dip/peak at a shorter wavelength, the transmission spectrum is not merely moved without change toward the longer wavelength as n increases, but a linear spectral chirp occurs. This can be clearly seen from Fig. 2(b), (d) , and (f) where the wavelength difference ðÁÞ between two peaks increases about 5.8, 2.3, and 2.7 nm, respectively, after n being increased from 1.0 to 1.333.
Secondly, by comparing the simulated results of the refractometers composed with the same kind of NCF but with different NCF lengths as shown in Fig. 3(a) , it can be seen that the wavelength shift (as well as the sensitivity) of the refractometers is independent of the length of the NCF. Imagine that if two SMS refractometers, which are made with the same kind of NCF but with different NCF lengths, have a dip/peak at the same wavelength, then they will move synchronously as n changes. This conclusion is consistent with that from [8] , where it was found theoretically that if the length of the "multimode fiber core" increases from the first re-imaging length (10 mm) to the second re-imaging length (20 mm), the shifts of the re-imaging wavelength with the increasing of RI will be the same. But here the conclusion is valid not only to the re-imaging wavelength but also to any dip/peak wavelength in the spectrum, and it eliminates the restriction on the amount of the length change of the multimode waveguide section, i.e., the re-imaging length is no longer required as in [8] . So for the SMS-based refractometer composed with a given NCF, its sensitivity is only proportional to the wavelength of the dip/peak that we selected to monitoring the RI change.
The third conclusion that can be drawn from Fig. 3(a) is that the RI sensitivity increases significantly with the decrease of the diameter of the NCF, because the wavelength shift under the same RI change is evidently larger for the refractometer made with a smaller diameter NCF. This conclusion has been drawn and verified in [8] . But here the conclusion is presented in a wide spectral range. From Fig. 3(a) , we can see that the three lines are apparently not parallel to each other but diverging toward the longer wavelengths. The slopes of the lines decreases with the increase of the NCF diameter. This indicates that the improvement of the sensitivity with the decrease of the NCF diameter will be more evident at a longer wavelength.
Similar simulations have been performed with several different Án in the RI range from 1.0 to 1.44. The results show that the conclusions are independent of Án. As another example, the simulation results when RI is changed from 1.0 to 1.366 are shown in Fig. 3(b) . It is easy to find that the conclusions derived from Fig. 3(a) can also be achieved from Fig. 3(b) .
Experimental Verification
To verify the conclusions that we derived from numerical simulations, a series of experiments are performed. In the experiments, the SMS-based refractometers are fabricated with the SMF-28 (Corning Inc. From Fig. 5(a) , we can see that they coincidentally have a dip at the same wavelength (1584.7 nm) in air. As predicted in Section 3, they should shift to longer wavelength synchronously as n increases. To verify this prediction, transmission spectra of the two refractometers were recorded by immersing them in water [ Fig. 5(b) ] and in ethanol [ Fig. 5(c) ], respectively. From Fig. 5(b) and (c) we can see that these two dips indeed move together to longer wavelength with the increase of n although L is different. So, the second conclusion in Section 3 is well verified by the experimental results. Fig. 5(d)-(f) show the transmission spectra of the refractometers with an NCF diameter of 61.5, 80, and 125 m and length of 11.7, 12.9, and 11.0 cm when placed in air and distilled water, respectively. We can see that there are multiple dips/peaks in the spectral range. As in Section 3, we measure the wavelength shifts of these dips and peaks to analyze the wavelength dependency of the sensitivity of the sensors. The wavelength shifts of the dips and peaks of the sensors are depicted as the lines in Fig. 6(a) , when the surrounding medium is changed from air to distilled water. By comparing the simulation results shown in Fig. 3(a) with the experimental results presented in Fig. 6(a) , it can be found that they agree qualitatively well with each other, and the largest and smallest differences between the slopes of the linear fits are 0.0036 and 0.0008 when the NCF diameter is 80 and 61.5 m, respectively. From Fig. 6(a) , we can see that the wavelength shift is linearly increasing with the increase of the initial wavelength (in air) of the dips/peaks by comparing the slop of the three lines. It can also be concluded that the sensitivity of the sensor increases notably with the decrease of the diameter of the NCF. So, the first and third conclusions in Section 3 are also well established, i.e., the sensitivity of an SMS-based refractometer increases linearly with the wavelength of the selected dip/peak and increases significantly with the decrease of the diameter of the NCF.
To verify the reproducibility of the results, 6 additional sensors, with two different NCF lengths for each of the three different diameter NCFs, are fabricated and tested. Fig. 6(b) shows the wavelength shifts of the dips/peaks as a function of their wavelengths when the surrounding medium is changed from air to ethanol. Linear fits to the experimental data are also shown in Fig. 6(b) . From Fig. 6(b) we can see that the data for refractometers with the same NCF diameter overlap with each other fairly well. The largest differences between the slopes of the linear fits are only 0.004, 0.0035, and 0.0015 for the 61.5, 80, and 125 m NCF-based sensors, respectively. These results indicate that the reproducibility is good. The conclusions derived in this paper are useful for the design of SMS-based refractometers. Since the sensitivity is proportional to the wavelength of the dip/peak in the transmission spectrum, it is desirable to select a dip/peak at a longer wavelength to achieve a higher sensitivity. In addition, to fabricate SMS-based refractometers with an NCF with a smaller diameter is an effective way to improve the sensitivity. Although the length of the NCF has no influence on the sensitivity, it has a direct influence on the location of the dips/peaks [13] . For example, if the self-imaging peak is preferable to be used to monitor the spectrum change with RI, we can make it to locate at a longer wavelength by optimizing the length of the NCF to achieve a higher sensitivity.
Conclusion
In summary, the wavelength dependence of the sensitivity of all-fiber SMS-based refractometers has been systematically investigated both numerically and experimentally. We found that the sensitivity of an SMS-based refractometer is linearly increasing with the increase of the wavelength of the selected dip/peak in the transmission spectrum. Because a dip/peak at a longer wavelength moves more than that at a shorter wavelength, a linear spectral chirp will occur when the surrounding RI changes. The sensitivity of an SMS-based refractometer increases significantly with the decrease of the diameter of the NCF but is independent of the length of the NCF.
